MicroRNAs (miRs) play a key role in the control of gene expression in a wide array of tissue systems, where their functions include the regulation of self-renewal, cellular differentiation, proliferation, and apoptosis. However, the functional importance of individual miRs in controlling spermatogonial stem cell (SSC) homeostasis has not been investigated. Using high-throughput sequencing, we profiled the expression of miRs in the Thy1 + testis cell population, which is highly enriched for SSCs, and the Thy1 − cell population, composed primarily of testis somatic cells. In addition, we profiled the global expression of miRs in cultured germ cells, also enriched for SSCs. Our results demonstrate that miR-21, along with miR-34c, -182, -183, and -146a, are preferentially expressed in the Thy1 + SSC-enriched population, compared with Thy1 − somatic cells. Importantly, we demonstrate that transient inhibition of miR-21 in SSC-enriched germ cell cultures increased the number of germ cells undergoing apoptosis and significantly reduced the number of donor-derived colonies of spermatogenesis formed from transplanted treated cells in recipient mouse testes, indicating that miR-21 is important in maintaining the SSC population. Moreover, we show that in SSC-enriched germ cell cultures, miR-21 is regulated by the transcription factor ETV5, known to be critical for SSC self-renewal.
MicroRNAs (miRs) play a key role in the control of gene expression in a wide array of tissue systems, where their functions include the regulation of self-renewal, cellular differentiation, proliferation, and apoptosis. However, the functional importance of individual miRs in controlling spermatogonial stem cell (SSC) homeostasis has not been investigated. Using high-throughput sequencing, we profiled the expression of miRs in the Thy1 + testis cell population, which is highly enriched for SSCs, and the Thy1 − cell population, composed primarily of testis somatic cells. In addition, we profiled the global expression of miRs in cultured germ cells, also enriched for SSCs. Our results demonstrate that miR-21, along with miR-34c, -182, -183, and -146a, are preferentially expressed in the Thy1 + SSC-enriched population, compared with Thy1
− somatic cells. Importantly, we demonstrate that transient inhibition of miR-21 in SSC-enriched germ cell cultures increased the number of germ cells undergoing apoptosis and significantly reduced the number of donor-derived colonies of spermatogenesis formed from transplanted treated cells in recipient mouse testes, indicating that miR-21 is important in maintaining the SSC population. Moreover, we show that in SSC-enriched germ cell cultures, miR-21 is regulated by the transcription factor ETV5, known to be critical for SSC self-renewal.
male germline stem cells | small RNA S permatogonial stem cells (SSCs) are among the testis germ cells called undifferentiated type A spermatogonia, which are composed of A single , A paired , and A aligned spermatogonia. It is the A single spermatogonia that are considered to have stem cell potential. SSCs are essential for spermatogenesis, but only constitute about 1 in 3,000 cells in the adult mouse testis. Maintenance of the SSC depends on its capacity for self-renewal, which encompasses its ability to proliferate, differentiate, and undergo apoptosis (1, 2) . The process of spermatogenesis is complex and involves numerous endocrine and paracrine signals to coordinate SSC self-renewal and differentiation of daughter cells to undergo mitosis, meiosis, and spermiogenesis to generate spermatozoa (1, 2) . Recent studies have added a new layer of molecules associated with the intricate mechanisms of gene regulation, which include the expression of RNA-induced silencing complex (RISC) components as well as a number of microRNAs (miRs), suggesting that miRs are functionally important in the process of spermatogenesis (3, 4) . Notably, the loss of the RISC component Dicer, in germ cells or Sertoli cells, perturbs germ cell development and leads to infertility, and highlights the need for miR function in regulating spermatogenesis (5, 6) .
Several studies have reported the global expression of miRs in the murine testis, but few have examined miR expression in specific germ cell populations of the testis, particularly the SSC population (5, (7) (8) (9) (10) . Moreover, the functional importance of individual miRs controlling SSC homeostasis has not been investigated. In the studies presented here, the expression of miRs in the Thy1 + testis cell population, which is highly enriched for SSCs, and the Thy1 − cell population, composed primarily of testis somatic cells, is profiled. Our results demonstrate that miR-21, along with miR-34c, -182, -183, -146a, -465a-3p, -465b-3p, -465c-3p, and -465c-5p, are preferentially expressed in the Thy1 + SSCenriched population, compared with Thy1 − testis somatic cells. Most important, we demonstrate that miR-21 is functionally important in maintaining the SSC population in vitro, and that the transcription factor ETV5, known to be critical for SSC selfrenewal, is a direct regulator of miR-21 expression.
Results

Analysis of Small RNAs in Thy1
+ and Thy1 − Testis-Derived Cell
Populations. Using high-throughput sequencing, we analyzed the small RNA populations in the testis of day 6 wild-type C57BL/6 mice. Specifically, small RNA libraries were generated from Thy1 + and Thy1 − testis cells (referred to as Thy1 + SSCenriched 1 and 2, and Thy1
− somatic cell-enriched 1 and 2, respectively). A small RNA library was also sequenced from an established germ cell culture enriched for SSCs originally derived from Thy1 + testis cells (referred to as SSC-enriched germ cell culture). Sequencing analyses generated high-quality raw reads for each cell population, and these were processed and aligned to the miRBase database (release 12.0; http://www.mirbase.org) for detection of miRs (Fig. S1A ). Based on annotations from the miRBase database, we observed that ∼50% of the raw reads from all five sequence libraries (Thy1 + SSC-enriched germ cell 1 and 2, Thy1
− somatic cell-enriched 1 and 2, and SSC-enriched germ cell culture) were identified as known mature miRs, suggesting that miRs are the predominant small RNA species in the testis cell population from day 6 mice (Fig. S1A) . Within the Thy1 + SSC-enriched libraries, 538 and 539 miRs were detected, and in the Thy1 − somatic cell-enriched libraries, 548 and 532 miRs were identified. Sequencing of cultured germ cells enriched for SSCs detected 512 miRs ( Fig. S1A and Table S1 ). In this study, only mature miRs were analyzed, and are therefore representative of transcriptionally active miRs in each library. To profile the overall chromosomal distribution of active miRs detected in the whole testis population, the read counts for each miR from both Thy1 + SSC-enriched and Thy1 − somatic cellenriched sequence libraries were consolidated and the cloning frequency (CF) of individual miRs was determined. The CF is reflective of individual miR abundance within the entire miR library and, using this parameter, only miRs with a CF >0.01% were considered. The miRs identified in the pooled population were mapped to their respective chromosomes using the miRBase database, and the total number of transcriptionally active miRs potentially encoded within each chromosome was enumerated. By comparing the total number of actively expressed miRs encoded within each chromosome with the total number of Data deposition: MicroRNA profiling data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE29613). 1 To whom correspondence should be addressed. E-mail: cpope@vet.upenn.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1109987108/-/DCSupplemental. miRs encoded on each chromosome, a percentage of actively transcribed miRs per chromosome could be plotted (Fig. S1B) − somatic cells was plotted using the normalized miR read count number in the Thy1
+ SSC-enriched library and plotted against the fold change of miR expression (Fig. 1A) . This approach identified 139 miRs differentially expressed between Thy1
+ SSC-enriched and Thy1 − somatic cells, of which 84 miRs (highlighted in red) were considered "up-regulated" and 55 miRs (highlighted in blue) were considered "down-regulated" in the Thy1
+ SSC-enriched cell population (p adj < 0.05). The differential expression of miRs in the Thy1 + and Thy1 − testis cell populations are described below, and additional characterization of miRs expressed in the Thy1 + SSC-enriched and Thy1 − somatic cell-enriched libraries can be found in SI Results and Discussion.
Characterization of miR Expression in Testis-Derived Thy1
− Somatic Cells. miRs that are both highly abundant and preferentially enriched in the Thy1 − somatic cell-enriched population are shown in Table S2 . Included in this profile are members of the let-7 family (i.e., let-7a/b/c/d/e/f), which are broadly expressed, found in multiple somatic cell types, and associated with differentiation in proliferating ES and cancer cells (11, 12) . Highly abundant miRs displaying a significant degree of differential expression [i.e., n = 55 miRs with log 2 fold change (Thy1 + / Thy1 − ) < −1.68; p adj < 0.05] were further mapped according to their individual chromosomal locations, and the sum of the CFs for miRs on each chromosome was determined (Fig. 1B) . The CF sum provides a simplified means to examine chromosomes preferentially encoding for actively transcribed miRs. The chromosomal localization of expressed miRs in the Thy1
− somatic cell-enriched population was more diverse in its distribution compared with the abundantly expressed miRs of the Thy1 + SSC-enriched population (Fig. 1B) . In the Thy1
− somatic cell population, highly abundant miRs were predominantly localized to chromosomes X, 2, 9, 13, 15, and 17. The CF sum for miRs associated with the Thy1 − somatic cell population was greatest on chromosome 13, which expressed the highly abundant miRlet-7a (Table S2 ). Examination of chromosome X, which encoded for 32 of the detected miRs in the Thy1
− somatic cell population, indicated that the CF sum was ∼6% of the actively transcribed miRs in the Thy1
− somatic cell population (Fig. 1B ). This is in marked contrast to the CF sum of ∼25% for actively transcribed miRs associated with the Thy1 + SSC-enriched testis cell population ( . These values were plotted against the normalized log 10 read counts of miRs from the Thy1 + SSC-enriched library (x axis). Statistical significance of miRs differentially expressed between the two libraries was determined using R package software analysis (p adj < 0.05, where p adj represents P values after adjustment for false discovery rate) (40) . Red indicates differentially expressed miRs in the Thy1 + SSC-enriched cell population; blue indicates differentially expressed miRs in the Thy1 − somatic cell-enriched population. (B) Chromosomal distribution of actively transcribed miRs in Thy1 + SSC-enriched and Thy1
− somatic cell-enriched libraries. miRs identified as significantly expressed in A were mapped according to their respective chromosomal locations, and the sum of the cloning frequencies for these miRs was calculated. The sum of the CF of miRs localized to each chromosome suggests a profile of the chromosomes contributing to the active transcription of miRs in the Thy1 + SSC-enriched and Thy1 − somatic cell-enriched libraries. In the cases where mature miRs were found to be possibly encoded in more than one chromosome, the CF for that miR was divided across the number of possible chromosomal locations (e.g., mature miR-let-7f is located on chromosome X or 13; therefore, the CF for miR-let-7f was divided by 2).
selected miR expression further validated that the expression levels of miR-let-7a/c/f, -130, and -202-5p were higher in the Thy1 − somatic cells than that of the Thy1 + SSC-enriched population or Thy1 + SSC-enriched cultured germ cells (Fig. S2 ).
miR Signature in the Thy1 + SSC-Enriched Population. We hypothesized that miRs with a high cloning frequency and/or those with a high degree of differential expression (i.e., fold change Thy1 + / Thy1 − ) in the SSCs are likely to play an important role in regulating self-renewal and maintaining stem cell homeostasis. Therefore, we examined the 20 most abundant miRs in the Thy1 + SSC-enriched population that also possessed the highest degree of fold change (Thy1 + /Thy1 − ) and observed that these miRs account for ∼26% of the total miR transcripts identified in the Thy1 + testis cell population (Table S3) . Interestingly, 12 of these 20 miRs are predominantly expressed on the X chromosome, and miR-465a/-465b/-465c and miR-741/-880/-878/-881 are found as clusters on the X chromosome. The chromosomal distribution of actively transcribed miRs in the Thy1 + SSCenriched population was again evaluated by determining the CF sum per chromosome (Fig. 1B) . Abundant miRs showing significant differential expression within the Thy1 + SSC-enriched population were preferentially localized to chromosomes X, 6, and 11 (Fig. 1B) . Among those miRs showing the greatest fold change (Thy1 + /Thy1 − ) in the Thy1 + SSC-enriched population were members of the miR-291 family that have been previously shown to be important in maintaining an undifferentiated state in ES cells and may possibly have a similar role in maintaining the SSC population (Table S4) (13, 14) .
Characterization of miR Expression in Thy1
+ SSC-Enriched Germ Cell
Cultures. To better understand the role miRs have in regulating SSC self-renewal in vitro, we compared the sequence libraries of freshly isolated Thy1 + SSC-enriched testis cells to that of a germ cell culture established from Thy1 + SSC-enriched testis cells and observed that of the 512 known miRs identified in the cultured SSC-enriched germ cell population, 68 miRs were expressed at highly abundant levels (CF > 0.1%). The expression profile of miRs in cultured SSCs was very similar to the patterns of the two Thy1 + SSC testis cell libraries, with 62 of these 68 miRs observed as highly abundant in both the Thy1 + SSC-enriched libraries and SSC-enriched germ cell culture (Fig. 2 A and B and Table S6 ). These 62 miRs accounted for ∼95% of total miR transcripts in the Thy1 + SSC-enriched germ cell cultures, with the 10 most abundant miRs expressed in cultured SSCs accounting for 67.6% of all miR molecules, highlighting the possible importance of these miRs in maintaining stem cell activity in vitro (Table 1 ). In comparison with Thy1 + SSC-enriched libraries, we observed a higher cloning frequency for let-7f, miR-34c, and -21 in the SSCenriched germ cell cultures (Table 1 and Table S1 ) which may reflect differences between in vitro and in vivo growth regulation. Results generated from the sequence analysis were further validated using qRT-PCR to assess the relative expression of miRs between Thy1 + SSC-enriched, Thy1 − somatic cell-enriched, and SSC-enriched cultured germ cells (Fig. S2) . In agreement with the sequencing results, the expression of miR-21, -146a, -378, -880-182, -183, -465a/b/c-3p, and -465c-5p was higher in Thy1 + SSCenriched and SSC-enriched cultured germ cells compared with the Thy1
− somatic cell-enriched population (Fig. S2) . However, the relative expression of miR-21, -146, -378, -182, -183, -465a-3p, -465b-3p, -465c-3p, and -465c-5p was dramatically higher in SSCenriched cultured germ cells compared with freshly isolated Thy1 + SSC-enriched testis cells. This difference in miR expression level can likely be attributed to the special characteristics for propagation and expansion of germ cells in vitro.
ETV5 Directly Regulates miR-21 Expression in Mouse SSCs. The glial cell line-derived neurotrophic factor (GDNF) pathway plays a critical role in regulating the self-renewal and maintenance of the SSC population, both in vivo and in vitro (15) (16) (17) . Important downstream effectors of GDNF signaling include ETV5, BCL6B, POU3f1, and LHX1, all of which are critical to maintaining stemness (18, 19) . Similarly, ETV5 may control miR expression as one means of regulating SSC homeostasis. Using a comparative genomic transcription factor binding site analysis program [TraFac (20) ], we observed more than 260 miRs that possessed ETS binding sites that are highly conserved between human and mouse, with 8 of the 10 most abundant miRs expressed in the SSC-enriched germ cell cultures possessing multiple ETS (E-twenty six) binding sites (Table 1 ). This observation suggests a potential role for GDNF-ETV5 signaling in regulating these and other miRs. In particular, miR-21 has been shown to be an important antiapoptotic factor that greatly enhances tumor progression, and additional studies have shown that miR-21 can prevent apoptosis in mouse periovulatory granulosa cells (21, 22) . The multiple conserved ETS-binding motifs identified on the miR-21 promoter region (Fig. 3A and Table 1 ), along with the high levels of miR-21 expression observed in SSC-enriched germ cell cultures (Fig. S2) , strongly suggest an important in vitro function. To verify possible ETV5 regulation of miR-21, chromatin immunoprecipitation (ChIP) using mouse germ cell cultures was performed. PCR amplification using primers flanking two of the predicted ETS-binding motifs each produced a band for DNA coprecipitated with ETV5 and ETV5 antibody but not in the isotype antibody controls (Fig.  3B) . These results indicate that ETV5 binds to the miR-21 enhancer. To further investigate the putative regulation of miR-21 expression by ETV5, germ cell cultures were infected with a lentivirus vector expressing mouse ETV5 cDNA under the control of the EF1α promoter. In transduced germ cells, Etv5 expression was significantly elevated to greater than twofold compared with controls, and this was accompanied by a significant, 1.78-fold, increase in the expression of miR-21 (Fig. 3C) . These results strongly suggest that ETV5 has a role in regulating miR-21 expression in SSC-enriched germ cells. We also observed putative STAT3 and POU3f1 binding sites within the miR-21 enhancer region (Fig. 3A) . Previous reports have demonstrated that STAT3 promotes differentiation of SSCs (23), whereas The cloning frequency was used to rank the most abundantly expressed mature miRs in the SSC-enriched germ cell culture library. The cloning frequency was calculated as the percent abundance of the read counts for individual miRs over the sum of all read counts in the SSC-enriched germ cell culture library. Promoter software (TraFac) analysis found that 13 of the 20 miRs present possessed one or more putative ETS binding sites within the enhancer region of chromosome encoding for respective miRs. Profiling of ETS binding sites was performed to incorporate 5kb upstream of the mature miR sequence. In some cases, miRs are encoded on more than one chromosome and a semi-colon (;) is used to separate the number of putative ETS binding sites on each chromosome.
POU3f1, a GDNF-regulated transcription factor, is shown to be critical in regulating the SSC population in vitro (24) , suggesting that several transcription factors may be involved in the regulation of miR-21 expression.
Transient Inhibition of miR-21 Increases Germ Cell Apoptosis and
Affects Stem Cell Activity. Because the above findings suggested that ETV5 in part regulates miR-21, and miR-21 expression accounts for ∼11% of the miR molecules in SSC-enriched cultured germ cells, the biological function of miR-21 in regulating SSC homeostasis in vitro was investigated. SSC-enriched germ cell cultures were transiently transfected with a prevalidated miR-21 inhibitor (anti-miR-21) oligonucleotide (oligos), and its effect on germ cell expansion and stem cell activity was evaluated. The doubling time for mouse SSCs is ∼5.6 d (25) 4A ). The role of miR-21 as an antiapoptotic factor has been reported for several systems (21, 22) , and therefore Annexin V staining was used to assess the level of apoptosis caused by the inhibition of miR-21. At 20 h posttransfection, the apoptotic index for germ cells treated with Lipofectamine alone or nontargeting control oligos was 3.87 ± 1.06% and 3.67 ± 0.34%, respectively (Fig. 4B) . In comparison, inhibition of miR-21 significantly increased apoptosis in germ cell cultures to 7.07 ± 0.57% (Fig. 4B) .
The in vitro impact of miR-21 inhibition on SSC survival and proliferation was evaluated with an in vivo transplantation assay. Transplantation of donor germ cells into the testes of busulfantreated recipient mice is the only functional assay to quantify the number of SSCs in any cell population, and provides an unequivocal means to determine whether a reduction in the number of SSCs occurred as a result of varying treatments to the in vitro SSC-enriched germ cell culture (19, 26) . Fig. 4C ; P < 0.05). These results demonstrate a requirement for miR-21 expression and function in the in vitro maintenance of the mouse SSC population, and suggest that one mechanism of miR-21 effect is through the regulation of apoptosis.
Discussion
Using high-throughput sequencing, we identified an miR signature that was common to Thy1 + SSC-enriched testis cells and germ cell cultures, and a high degree of similarity was observed between the two libraries. Notably, some cloning frequencies of SSC-associated miRs were dramatically higher in SSC-enriched germ cell cultures compared with Thy1 + testis cells. The higher miR expression in vitro may reflect a more active role of miRs in regulating SSC self-renewal and/or early differentiation steps in vitro. However, an important observation is that in the absence of the physiological in vivo niche influences, the cultured SSCs and undifferentiated type A spermatogonia maintain a remarkably similar miR profile to the Thy1 + SSC-enriched testis cells isolated directly from the testes. These similarities in miR expression suggest that regulation of SSC self-renewal and the undifferentiated type A spermatogonia are primarily regulated by the germ cell program rather than by external cues and may require mostly a permissive environment, such as the in vivo niche and an appropriate culture milieu. A similar conclusion regarding germ cell program dominance versus environmental cues is suggested by the finding that rat spermatogenesis is supported in vivo by mouse Sertoli cells at the exact timing and organizational arrangement of the rat and not mouse (27) . Therefore, the mouse Sertoli cell environment cannot change the length of the rat cycle (52 d) in the seminiferous epithelium to that of the mouse cycle [35 d (27, 28) ]. These findings support the use of cultured germ cells, enriched for SSCs, as a powerful model to examine the expression and function of miRs and genes in this germ cell population, which contains almost exclusively undifferentiated spermatogonia that are uniform in morphological characteristics and a portion of which may convert to SSCs under certain conditions (29, 30) .
The transcription factor ETV5 is one of the downstream targets of GDNF signaling, and is essential for SSC self-renewal (18, (31) (32) (33) . In the testis, ETV5 is expressed in Sertoli cells and in the SSC-enriched cell populations (18, 31, 34) . In Etv5 −/− mice, Sertoli cell function is compromised, resulting in the complete loss of adult germ cells following the first wave of spermatogenesis (31) . We examined putative ETS binding sites within the enhancer/promoter regions of highly abundant miRs and found that 8 of 10 of the most abundant miRs in the Thy1 SSC-enriched population contained ETS binding sites in their enhancer regions, including miR-21. We observed that ETV5 is capable of regulating miR-21 expression and, because ETV5 is a known downstream effecter of GDNF signaling, it is likely that GDNF has a role in the regulation of miRs. This is supported by a report demonstrating that miR-21 expression is induced by GDNF in BE(2)-C neuronal cells (35) . Importantly, we observe that inhibition of miR-21 increased apoptosis in SSC-enriched germ cell cultures, suggesting it has a role in maintaining SSC survival. Because apoptosis is a major regulator of spermatogenesis (36), miR-21 may play a pivotal role in the early stages of spermatogenesis by regulating apoptosis in the undifferentiated spermatogonial cell population, including SSCs.
The stringency of the profiling used to analyze results from highthroughput sequencing for both the Thy1 + SSC-enriched cell population and SSC-enriched germ cell cultures strongly suggests that the in vitro culture system provides an ideal model to functionally examine the role of miRs in regulating SSC fate decisions. 5 cells transplanted to recipient testes was determined for germ cell cultures treated with nontargeting control oligos or anti-miR-21 oligos. Treated cells were maintained for 7 d posttransfection before being transplanted into the testes of recipient mice. Two months after transplantation, the number of donor-derived colonies was counted. Inhibition of miR-21 activity caused the number of donor-derived colonies to significantly decrease from 178 ± 20.9 colonies for control nontargeting oligo-treated germ cells to 108 ± 23.2 colonies for anti-miR-21-treated germ cells. All data are representative of three independent replicate cultures (mean ± SEM), and for transplantation studies this resulted in 16 testes (n = 8 mice) per treatment. The asterisk denotes significant differences between treatment means using Student's t test (P < 0.05).
Importantly, significant advances in understanding the cellular and molecular mechanisms regulating SSC self-renewal have been made using culture systems that are able to support proliferation of SSC-enriched germ cells in vitro (25) , and a robust transplantation assay that is capable of determining the biological activity of donorderived SSCs in the seminiferous tubules of recipient testis provides the ultimate test of various treatment effects (37, 38) . The combination of these two systems provides a method of analyzing the biological activity of SSCs by unequivocally measuring SSC number, and in this report has provided the foundation to demonstrate the validity of using germ cell cultures to examine the function of miRs in our profile and the means to demonstrate the specific effect of miR-21 on SSC self-renewal.
Materials and Methods
Isolation of SSC-Enriched Germ Cells. Testes of day 6 postnatal mice were harvested from two strains: C57BL/6 mice (Jackson Laboratory stock no. 000664) or Escherichia coli β-galactosidase (LacZ)-expressing mice (B6.129S7-Gtrosa26, designated ROSA; Jackson Laboratory stock no. 002073). miR profiling studies were conducted using the testes derived from C57BL/6 mouse pups, whereas the testes of ROSA mouse pups, expressing the LacZ gene, were used to derive germ cell cultures for transplantation assays (see below). Digestion of testis and isolation of Thy1 + and Thy1 − testis cell populations were carried out as previously described (26, 39) . Thy1 + SSCenriched germ cells and Thy1
− somatic cell-enriched testis cells were further processed for isolation of small RNAs or germ cell culture. Establishment of germ cell cultures was carried out using Thy1 + SSC-enriched germ cells as previously described (26, 39 
